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Grazing incidence x-ray scattering and x-ray diffraction techniques have been employed to
investigate the microstructures in various ZnSe-based semiconductor thin films grown on GaAs
substrates by molecular beam epitaxy and metalorganic chemical vapor deposition methods. The
results are also used for a comparison of the interfacial roughness and overall quality of the II–VI
thin films prepared by these two different growth methods. Structural parameters such as the
interfacial roughness and layer thickness obtained from the scattering measurements and lattice
constants obtained from the x-ray diffraction pattern around the GaAs~004! peak can be correlated
with the film deposition rate, compound composition, and lattice strain in the epilayers. We thus
demonstrate that x-ray scattering techniques in conjunction with diffraction measurements are
useful tools for nondestructive characterization of buried interfaces in semiconductor layer
materials. © 1999 American Institute of Physics. @S0021-8979~99!05001-X#I. INTRODUCTION
Thin films of the wide band gap II–VI semiconductors
have attracted considerable fundamental and technical inter-
est for many years. These semiconductors are now becoming
the basis for the development of a variety of advanced opto-
electronic devices such as short wavelength laser, light-
emitting diodes, and high-density optical storage media.
With the advent of modern growth methods such as molecu-
lar beam epitaxy ~MBE! and metalorganic chemical vapor
deposition ~MOCVD!, substantial progress in the control of
material quality as well as in device applications has been
made.1–3
The important issues at the present stage of photonic
device development are to increase the device lifetime and to
decrease the operating wavelength. Nowadays the difficulties
in achieving these technical goals are mainly concerned with
some generic material problems related to the presence of
microstructural defects and compositional instability. One of
the most common problems in the film growth processes is
to effectively control the microstructures during the forma-
tion of a heterojunction, such as the ZnSe/GaAs heterointer-
face. For example, the surface height fluctuations on the
III–V substrate surface can propagate through the II–VI ep-
ilayer, and threading dislocations present in the pseudomor-
phic structure may nucleate near the II–VI/III–V heteroint-
erface; these problems can affect both the device lifetime and
operating wavelength.4 For a better understanding of these
layered materials, detailed knowledge of microstructures in
the films would seem desirable.
X rays are sensitive to variations of electron density,
hence are useful for probing the microscopic structures in
materials. The development of x-ray techniques using syn-
chrotron radiation, such as the grazing incidence x-ray scat-2370021-8979/99/85(1)/237/7/$15.00
loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP litering ~GIXS! technique, when used in conjunction with the
traditional large angle x-ray diffraction ~XRD!, can provide
valuable information for convenient nondestructive charac-
terization of microstructures in layered systems. These tech-
niques are especially useful for studying the interfacial
roughness, strain, and effects of lattice relaxation.
In the present work, we have applied the GIXS and XRD
techniques to study interfacial roughness, epilayer thickness,
and strain in various ZnSe-based thin films grown on GaAs
substrates by MBE and MOCVD. In addition to finding cor-
relations between interfacial roughness, strain, and layer
thickness, the structural parameters can also be used for a
comparison of the overall film quality in heterostructures
prepared by two different methods for epilayer growth.
II. EXPERIMENT
The samples studied in this work are four sets of ZnSe-
based semiconductor films grown on GaAs~100! by
MOCVD and MBE. In the two sets of MOCVD-grown films,
ZnS12xSex and Zn12xFexSe thin films on GaAs~100! sub-
strates were studied. The deposition times were 10, 15, 20,
35, and 50 s for the ZnS12xSex series and 10, 20, 40, 60, 80,
100, and 150 s for the Zn12xFexSe series. The growth tem-
perature and pressure for these two sets of films were the
same, 393 °C and 120 mm Hg, respectively. The nominal Se
fraction in ZnS12xSex was between x50.5 and x50.75,
which was later checked by measuring the lattice constants
in our XRD experiments. In the Zn12xFexSe series, the Fe
content was about x50.1. The experimental setup and details
of the MOCVD technique used to grow these films have
been reported elsewhere.5,6 For a qualitative comparison, two
other sets of ZnSe and ZnSe12xTex epilayers, grown on
GaAs~100! by MBE, were also studied. The growth times© 1999 American Institute of Physics
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Downwere 200, 300, 400, 500, and 600 s for the ZnSe series and
25, 50, 100, 150, and 200 s for the ZnSe12xTex series. The
growth temperature was set at 300 °C in both cases. The
nominal Te content was higher than x50.2 and also checked
later by measurements of the lattice constants.
Our x-ray scattering measurements were carried out at
the National Synchrotron Light Source ~NSLS! at
Brookhaven National Laboratory on Beamline X3B1. The
experimental setup and procedures, as well as details of data
analysis, have already been reported elsewhere.7–9 The x-ray
beam from the NSLS storage ring was monochromatized by
a Si~111! double crystal monochromator; the x-ray energy
was chosen to be 10 keV throughout the present experiment.
A set of slits was used to collimate the x-ray beam and to
define the angular resolution of the measurements. The
sample under study and the scintillation detector were se-
cured on two arms of a two-circle goniometer. A nitrogen-
filled ionization chamber was used to monitor the incident
beam intensity, and the scattered beam intensity was mea-
sured using a scintillation detector. In general, by choosing
appropriate scan modes, the momentum transfer of x-ray
photons with different paths in the reciprocal lattice space
can be investigated, thus the microstructures in directions
both parallel and perpendicular to the surface of the layer
structures can be probed.
The angular dependence of x-ray scattering at low inci-
dence angles is a useful tool for investigating the interface
morphology of multilayer materials. Through a control of the
x-ray probing depth and field distribution by varying the in-
cidence angle, GIXS measurements allow a nondestructive
method by which to obtain important microstructural infor-
mation about the interfaces, such as the layer thickness, in-
terfacial roughness, and correlation of the lengths of inter-
face height fluctuations. For a multilayer structure, the
specular reflection ~with photon momentum transfer qz per-
pendicular to the interface! can usually be treated by a matrix
formulation using the Fresnel law of classical optics. To ac-
count for the interfacial roughness, the Fresnel law can be
modified by introducing a root mean square ~rms! height
fluctuation ~or roughness! parameter s in a vector scattering
model. When the incidence angle is sufficiently far away
from the critical angle, the scattering intensity is weak and
Born approximation or a distorted-wave Born approxi-
mation9 can be applied to investigate the effects of diffuse
scattering, and the intensity can be calculated by introducing
a correlation function between height fluctuations on differ-
ent interfaces i and j of the following form:
Ci j~x ,y !5^dzi~0,0!dz j~x ,y !&5C0~R !exp@2uzi2z ju/j'# ,
~1!
where dzi(x ,y) is the height fluctuation on the ith interface
at any point (x ,y) that is a distance R(x ,y)5(x21y2)1/2
from an arbitrary origin. C0(R) is the lateral ~in-plane! cor-
relation function which can be expressed as s is j
3exp@2(R/ji)2h#, where s i and s j are the rms roughness on
the ith and jth interfaces, j i and j' are the lateral- and cross-
correlation lengths of interfacial roughness in the layered
structure, respectively; h is called a texture coefficient. By a
comparison of the x-ray diffuse scattering data with modelloaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP licalculations, the parameters s, j i , j' , h, and the layer thick-
ness can be determined. More details of this method and
theoretical background can be found in Ref. 9.
In our GIXS experiment, both the specular reflectivity
and longitudinal diffuse scattering ~LDS! intensities were
measured, from which the information on structural param-
eters such as the epilayer thickness and interfacial roughness
were extracted. In the XRD experiment, x-ray diffraction
patterns around the GaAs substrate ~004! peak were studied
to determine the crystallinity and strain conditions in the
films.
III. RESULTS AND DISCUSSION
A. ZnS12xSex thin films on GaAs100 grown by
MOCVD
For the purpose of band structure engineering, changing
the molar concentration of S or Se in ZnS12xSex could allow
the band gap of the compound to be varied. There is a 0.25%
lattice mismatch between ZnSe and GaAs and a 4.42%
lattice mismatch between ZnS and GaAs. An increase in lat-
tice mismatch with the GaAs substrate because of incorpo-
rating S into ZnSe is expected to cause deterioration of het-
erointerface quality. The correlation between interfacial
roughness and lattice mismatch was examined in the present
experiment using x-ray techniques.
The specular reflectivity and LDS versus photon mo-
mentum transfer ~controlled by varying the grazing incidence
angle! obtained with five thin-film samples are shown in Fig.
1. The heavy lines are reflectivity data which show different
FIG. 1. Intensity of x-ray reflectivity ~heavy lines! and longitudinal diffuse
scattering ~fine lines! vs photon momentum transfer ~controlled by the graz-
ing incidence angle! for ZnS12xSex thin films grown on GaAs~100! by
MOCVD.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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ent growth times. In accordance with the analysis method
discussed in Refs. 7–9, the oscillation frequency is essen-
tially proportional to the thickness of the ZnS12xSex layer.
These experimental curves were fitted with theoretical calcu-
lations based on a model successfully used before9,10 and
from which the layer thickness and interfacial roughness
have been determined. The thickness values for films ob-
tained with different growth times are listed in Table I. For
this series of samples, the thickness of ZnS12xSex is directly
proportional to the growth time, a linear fit of the thickness
values versus growth time shows a constant deposition rate
of 20.060.3 Å per second during MOCVD growth. This
result of accurate measurements of layer thickness also dem-
onstrates that appropriate MOCVD processing conditions
can indeed be utilized to control the growth of ZnS12xSex
layers on an atomic scale.
LDS data are shown in Fig. 1 ~fine lines!. The LDS
measurements are also needed in order to extract the true
specular reflectivity ~shown in heavy lines! from the raw
data. These LDS curves do not show any oscillations, indi-
cating that there is no roughness correlation10 between the
top surface and the ZnS12xSex /GaAs interface. From the
GIXS plots in Fig. 1, the top surface roughness and the
ZnS12xSex /GaAs interfacial roughness are obtained; these
are presented in Table I. An increase in the top surface
roughness is found as thicker layers of ZnS12xSex are depos-
ited. On the other hand, the interfacial roughness does not
show significant changes with film thickness, suggesting a
relatively well-defined interface quality independent of in-
creased ZnS12xSex thickness. Some data were not available
because of changes in the sample quality during the experi-
ments, however, these missing data affect neither the deter-
mination of the other parameters shown in Table I, nor the
general conclusions derived thereof.
The x-ray diffraction pattern for the ZnS12xSex /GaAs
heterostructures around the GaAs substrate ~004! peak are
shown in Fig. 2~a!. The GaAs~004! peak is located in the
middle of the plot ~the apparent splitting is caused by a de-
tector problem not due to any real structure!, and a broad
peak arising from the ZnS12xSex layer is found at a slightly
higher angle ~around 2u526.3°!. The lattice constants deter-
mined from this broad peak are the same those within our
experimental uncertainty for all the five films ~see Table I!,
thereby indicating that the same average lattice parameter
TABLE I. Structural parameters of ZnS12xSex films on GaAs~100! grown
by MOCVD. D is the ZnS12xSex layer thickness, s0 and s1 are the surface
roughness, and ZnSSe/GaAs interfacial roughness, respectively; a is the













MK12 10 212610 663 662 5.59260.004
MK11 15 310612 N/A N/A 5.60360.004
MK9 20 415615 664 863 5.58960.004
MK10 35 671612 1763 N/A 5.59960.004
MK13 50 1007620 2065 965 5.59460.004loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP licorresponding to the same composition in the ZnS12xSex
compounds was well maintained during the MOCVD
growth.
As shown in Table I, all the ZnS12xSex films show a
constant lattice parameter over a large range of ZnS12xSex
thickness variation. This indicates that by introducing S into
the ZnSe host the lattice constant has undergone a substantial
decrease from 5.6676 Å ~as in ZnSe! to a value smaller than
that of GaAs ~5.6537 Å!. It is therefore natural to expect a
sizable decrease of the critical thickness due to a significant
strain caused by the presence of S atoms. These films are
most likely all relaxed, i.e., they have thickness values al-
ready exceeding the effective critical thickness in each of the
films. However, there is no guarantee that long range struc-
tural homogeneity can be maintained throughout the
ZnS12xSex films. Nevertheless, by assuming a uniform dis-
FIG. 2. ~a! X-ray diffraction pattern for ZnS12xSex thin films on GaAs~100!
grown by MOCVD. The central peak is due to GaAs~004!. ~b! Lattice con-
stant normal to the film surface as a function of film thickness. The constant
lattice parameter indicates that all the films are relaxed corresponding to a
composition of x50.7.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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short-range inhomogeneities ~analogous to the case of a ran-
dom alloy!, the average Se concentration can be estimated
from the measured lattice constants according to Vegard’s
law.11 Lattice constants of the ZnS12xSex layers determined
from the diffraction results are shown in Fig. 2~b!. Under this
assumption, the actual Se content is found to be around x
50.7, which is in agreement with the nominal value ~be-
tween 0.5 and 0.75! used during the MOCVD growth.
It should be noted that, for thin films with high crystal-
line quality, some oscillations of the diffraction intensity in
addition to the first order diffraction peak are usually ob-
served in the x-ray diffraction pattern. The frequency of
these oscillations is related to the coherence length of crys-
tallinity in the film.8 Thus, an observation of these ripple
oscillations in the diffraction pattern may serve as an indica-
tion of high crystalline quality of the film. In the present
case, the absence of oscillations in the diffraction pattern also
suggests an inferior quality of these films grown by
MOCVD, probably because of some microstructural inho-
mogeneities such as small clusters, point defects, and dislo-
cations.
B. Zn12xFexSe thin films on GaAs100 grown by
MOCVD
Zn12xFexSe films (x50.1) with varying thicknesses
were deposited on GaAs~100! under similar MOCVD growth
conditions as for ZnS12xSex . The layer thickness was deter-
mined by the same GIXS technique discussed in Sec. II.
Once again, the growth rate was found to be constant at
5.3960.3 Å per second. However, the top surface roughness
and the interfacial roughness in these Zn12xFexSe films do
not show any systematic variation with the layer thickness.
The absence of oscillations in LDS also indicates that there
is no microstructural correlation between the top surface and
the interface. The rms roughness values determined for these
samples are shown in Table II.
In contrast to the constant lattice constant found in the
ZnS12xSex (x50.7) films grown on GaAs~100!, the
Zn12xFexSe (x50.1) layers show a gradual decrease of lat-
tice constants in the vertical direction with increasing film
thickness, as shown in Fig. 3. ~The lattice constant values are
also included in Table II. Although some data are missing in
TABLE II. Structural parameters of Zn12xFexSe films on GaAs~100! grown
by MOCVD. D is the Zn12xFexSe layer thickness, s0 and s1 are the surface
roughness, and ZnFeSe/GaAs interfacial roughness, respectively; a is the













MK18 10 6365 863 N/A N/A
MK20 20 12267 663 662 5.72160.003
MK22 40 23965 663 662 N/A
MK17 60 33165 1063 762 5.69760.003
MK23 80 45066 562 1362 5.68960.003
MK21 100 65566 663 662 5.68760.003
MK19 150 71065 1063 1062 5.68260.003loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP liTable II due to changes in sample quality during the experi-
ments, this does not affect the determination of the other
parameters and our conclusions.! This trend indicates that
lattice strain still exists in the ZnS12xSex layers, and that the
lattice constants are even higher than that of ZnSe. This
strain is largely caused by introducing the smaller size Fe
atoms into the ZnSe host, which gives rise to a compressive
strain in the film plane, thereby resulting in tensile strain in
the direction perpendicular to the films. An increase of the
film thickness thereby leads to a higher crystal energy which
helps to relieve some of the strain, consistent with the
gradual decrease of lattice constants shown in Fig. 3. This
result suggests that the critical thickness of Zn12xFexSe (x
50.1) layers on GaAs~100! should be larger than 800 Å,
also consistent with simple estimates based on a commonly
used theoretical model.12
C. ZnSe films on GaAs100 grown by MBE
Measurements of GIXS and XRD were carried out for
ZnSe films grown on GaAs~100! by MBE. The specular re-
flectivity and longitudinal diffuse scattering data are similar
in quality as those shown in Fig. 1. By fitting these curves to
the theoretical model,7,8 the film thickness D ref , and the sur-
face as well as interfacial roughness, were determined in the
same manner as for the MOCVD-grown films. These values
are listed in Table III. However, the XRD data obtained with
these MBE-grown ZnSe films show oscillations in addition
to the GaAs substrate ~004! peak, indicating a higher degree
of crystallinity than the MOCVD-grown films discussed pre-
viously. Following the methods described in Ref. 8, the ZnSe
layer thickness can be determined from these oscillations.
The values obtained are designated DXRD , also listed in
Table III for a comparison with D ref obtained from GIXS.
The close agreement between the thickness values deter-
mined from two different methods offers strong evidence for
the high quality of the crystalline structures in these MBE-
grown films. The thickness variation follows a linear rela-
tionship with growth time. A least-squares fit gives a con-
stant growth rate of 1.6660.1 Å/s.
FIG. 3. ZnFeSe film lattice constant in the normal direction as a function of
film thickness.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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ZnSe layer thickness obtained from GIXS and XRD, respectively; s0 and s1 are the surface roughness and















960916C 200 2966 8 1566 1665 5.68260.002 28668
960916D 300 4546 5 1065 1765 5.68360.002 44268
960916E 400 6976 5 862 562 5.68460.002 67868
961025B 500 842610 965 2164 5.68460.002 83868
961025C 600 1005610 865 1364 5.68460.002 100168As shown in Table III, the top surface roughness de-
creases with increasing layer thickness, suggesting a self-
improved surface morphology with MBE growth time. On
the other hand, the ZnSe/GaAs interfacial roughness does not
follow any regular trend, and is essentially independent of
the growth time. The relatively high interfacial roughness
could possibly be caused by stacking faults on the GaAs
surface.4,13
Values of the lattice constant in the direction normal to
the film surface determined from the XRD measurements are
included in Table III. The values remain constant and higher
than the lattice constant of ZnSe ~5.6676 Å! for all the films
with thicknesses up to 1000 Å, providing evidence of
pseudomorphic epitaxial growth. These values are consistent
with estimates from a theoretical model,12 and all the epilay-
ers are still under compressive strain in the film plane.
D. ZnSe12xTex films on GaAs100 grown by MBE
Typical data of specular reflectivity ~heavy lines! and
longitudinal diffuse scattering ~fine lines! are shown in Fig. 4
for films grown at 50 and 200 s, respectively. All other films
in this series show features similar to those shown in Fig. 4.
In contrast to the smooth monotonic decrease in the longitu-
dinal diffuse scattering intensity shown in Fig. 1 for the
MOCVD-grown films, all LDS plots for these MBE-grown
epilayers show pronounced oscillations similar to those in
specular reflectivity. This result indicates a strong micro-
structural correlation between the ZnSe12xTex top surface
and the ZnSe12xTex /GaAs interface. This seems to be a fea-
ture of the MBE-grown epilayers in contrast to those grown
by MOCVD.
Results of lattice constants determined from x-ray dif-
fraction are shown in Table IV and in Fig. 5. The lattice
constant is found to decrease gradually from 5.917 Å and to
level off at 5.886 Å when the epilayer thickness exceeds 300
Å. The limiting value of the lattice constant indicates that
these compound ZnSe12xTex layers grown on GaAs~100!
above a critical thickness around 320 Å are relaxed, probably
due to the formation of some misfit dislocations or clusters.
The Te concentration can then be estimated using Vegard’s
law11 by an interpolation of the lattice parameters of ZnSe
~5.6676 Å! and ZnTe ~6.0890 Å!. The value of x is found to
be 0.52, as shown in Fig. 5.
The epilayer thickness, surface, and interfacial rough-
ness values determined from the GIXS experiments are pre-
sented in Table IV. The growth rate for these films is found to 140.114.136.40. Redistribution subject to AIP lito be a constant at 2.2660.1 Å/s. It is interesting to note that
in this epitaxial growth the surface roughness as well as the
interfacial roughness both follow a power-law scaling behav-
ior for film thickness up to 315 Å. This scaling behavior is
similar to what we have found in MBE-grown SiGe,7,14 and
it can expressed by
s~ t !5^@h~x ,y ,t !2h¯ #2&xy;tb, ~2!
where s is the rms roughness parameter; x and y are the
coordinates of position in the epilayer plane; t is the deposi-
tion time; h(x ,y ,t) is the height of interface at position x, y
and time t; and h¯ is the mean height of the interface at time
t averaged over the epilayer surface. For steady-state MBE
growth in the present case, the deposition time is directly
proportional to the epilayer thickness. From the plots shown
FIG. 4. Intensity of specular reflectivity ~heavy lines! and longitudinal dif-
fuse scattering ~fine lines! vs photon momentum transfer for two
ZnSe12xTex films grown on GaAs~100! by MBE.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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layer thickness obtained from GIXS, s0 and s1 are the surface roughness and ZnSe12xTex /GaAs interfacial













960805A 25 6265 1562 763 5.91760.002
960805B 50 11365 1063 863 5.91060.002
960805C 100 20865 1163 1363 5.90460.002
960805D 150 31566 1463 1463 5.88460.002
960805E 200 47766 863 663 5.88860.002in Fig. 6, the exponent b is found to be 0.3460.1 for the top
surface and 0.4460.1 for the interface. These exponents sug-
gest that epitaxial growth of ZnS12xSex films by MBE could
be related to kinetic roughening on the interfaces.7,14 This
scaling behavior holds when the epilayers remain pseudo-
morphic and under strain; it breaks down when the film
thickness exceeds the critical thickness, as demonstrated by a
sudden drop of the roughness value in the film with a thick-
ness of 477 Å ~Fig. 6!.
IV. CONCLUSION
We have studied various ZnSe-based films grown on
GaAs~100! substrates by MBE and MOCVD using the x-ray
techniques of GIXS and XRD. Differences and similarities
between films prepared by the two methods are compared in
terms of the surface and interfacial roughness, lattice strain,
and film composition determined from these experimental
results.
Accurate measurements of the average film thickness by
angular dependence of the scattering intensity help to estab-
lish precise control of the II–VI semiconductor film thick-
ness at a constant deposition rate by these growth methods.
The MBE technique allows a slow growth rate of several
angstroms per second with an uncertainty of about 0.1 Å/s.
FIG. 5. Lattice constant as a function of film thickness for ZnSe12xTex
grown on GaAs~100! by MBE. The film is strained with small thickness and
is relaxed after exceeding the critical thickness ~around 320 Å!. The com-
position x50.52 was determined from the relaxed region assuming Veg-
ard’s law. to 140.114.136.40. Redistribution subject to AIP liEpilayers grown by MBE generally show a high degree of
crystallinity, most times with some microstructural correla-
tion between the top surface and interfacial roughnesses. In
the case of MBE growth of ZnSe on GaAs, the pseudomor-
phic films are under an in-plane compressive strain; the high
crystalline quality manifests itself in pronounced oscillations
in the diffraction pattern from which the film thickness was
determined and found to be in good agreement with that
measured by GIXS. The close agreement of thickness values
from XRD ~which depends on the requirement of high crys-
tallinity! and from GIXS ~which depends mainly on an av-
erage refractive index of the medium! can be viewed as a
FIG. 6. ~a! Interfacial roughness ~squares! and ~b! surface roughness
~circles! vs film thickness for ZnSe12xTex grown on GaAs~100! by MBE.
The solid and dashed lines are theoretical fits to a power-law scaling behav-
ior.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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A comparison of the results obtained with MOCVD-
grown layers of ZnS12xSex (x50.7) and Zn12xFexSe (x
50.1) indicates that there is an essential difference in the
effects on lattice strain and surface roughness when the ZnSe
host is alloyed with anions ~S! and cations ~Fe!. Addition of
S to the ZnSe host gives rise to a change in the surface
roughness with layer thickness while the lattice parameters
in the relaxed ZnS12xSex layers remain intact. On the other
hand, adding Fe to the ZnSe host results in a change of
lattice strain with no apparent influence on the interfacial
roughness.
Vegard’s law has been used to determine the composi-
tion of compounds when the films are unstrained and fully
relaxed. A comparison of the lattice parameters determined
from XRD and interfacial roughness measured by GIXS
could provide insights into the dynamics of heterointerface
formation. An interesting power-law scaling behavior was
found for MBE growth of ZnSe12xTex (x50.52) layers on
GaAs, suggesting the possibility of kinetic roughening on the
interface.
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